Background and Purpose-Carotid artery intima-media thickness (IMT) is a marker of cardiovascular disease associated with incident stroke. We studied whether IMT rate of change is associated with stroke. Methods-We studied 5028 participants of the Multi-Ethnic Study of Atherosclerosis (MESA) comprising white, Chinese, Hispanic, and black participants free of cardiovascular disease. In this MESA IMT progression study, IMT rate of change (mm/year) was the difference in right common carotid artery far wall IMT (mm) divided by the interval between 2 ultrasound examinations (median interval, 32 months). Common carotid artery IMT was measured in a region free of plaque. Cardiovascular risk factors and baseline IMT were determined when IMT rate of change was measured. Multivariable Cox proportional hazards models generated hazard risk ratios (HR) with cardiovascular risk factors, ethnicity, and education level/income as predictors. Results-There were 42 first-time strokes seen during a mean follow-up of 3.22 years (median, 3.0 years). Average age was 64.2 years, with 48% males. In multivariable models, age (HR, 1.05 per year), systolic blood pressure (HR, 1.02 per mm Hg), lower high-density lipoprotein cholesterol levels (HR, 0.96 per mg/dL), and IMT rate of change (HR, 1.23 per 0.05 mm/year; 95% confidence limit, 1.02-1.48) were significantly associated with incident stroke. The upper quartile of IMT rate of change had HR of 2.18 (95% confidence limit, 1.07-4.46) compared to the lower 3 quartiles combined. Conclusions-Common carotid artery IMT progression is associated with incident stroke in this cohort free of prevalent cardiovascular disease and atrial fibrillation at baseline. (Stroke. 2011;42:00-00.)
C arotid artery intima-thickness (IMT) is a measure of subclinical atherosclerosis associated with cardiovascular risk factors and predictive of incident stroke. [1] [2] [3] [4] The possible association between change in IMT over time and incident stroke is not well-studied. In a literature review, we found 1 study that addressed this issue. The European Lacipidine Study on Atherosclerosis (ELSA) study, a doubleblind randomized antihypertensive therapy study, investigated the associations of IMT progression with cardiovascular outcomes. 5 ELSA reported a positive association between stroke and baseline IMT, but not with change in IMT. 5 We hypothesize that IMT rate of change is associated with incident stroke. We study the possible associations between incident stroke and IMT rate of change, taking into consideration cardiovascular risk factors in the Multi-Ethnic Study of Atherosclerosis (MESA), a multi-ethnic cohort comprising individuals aged 45 to 84 years who are free of prevalent cardiovascular disease at enrollment and including 4 ethnicities: white, black, Chinese, and Hispanic.
Materials and Methods

Population
MESA comprises a multiethnic population of 6814 men and women aged from 45 to 84 years, including white, black, Hispanic, and Chinese participants 6 enrolled between July 2000 and August 2002. Participants were not enrolled if they had physician diagnosed heart attack, stroke, transient ischemic attack, heart failure, angina, atrial fibrillation, or history of any cardiovascular procedure. Participants with weight Ͼ300 lb, pregnancy, or any medical conditions that would prevent long-term participation were excluded. MESA protocols and all studies described herein have been approved by the Institutional Review Boards of all collaborating institutions. The participants studied underwent carotid artery imaging at first visit (visit 1). One half of the participants were imaged at 1 of 2 follow-up visits: the first half was imaged from September 2002 through January 2004 and the second half was imaged from March 2004 through July 2005. The mean interval between visits was 2.5 years.
Risk Factors and Anthropomorphic Variables
The cardiovascular disease risk factors used are components of the updated Framingham Risk Score and include age, sex, smoking and diabetes status, systolic blood pressure, low-density lipoprotein and high-density lipoprotein cholesterol, and treatment of hypertension, 7 to which were added ethnicity income and education levels.
Age, sex, race/ethnicity, and medical history were self-reported. Current smoking was defined as self-report of a cigarette in the past 30 days. Resting blood pressure was measured 3 times in the seated position using a Dinamap model Pro 100 automated oscillometric sphygmomanometer (Critikon). The average of the last 2 measurements was used.
Lipid levels were measured after a 12-hour fast. The presence of diabetes mellitus was based on self-reported physician diagnosis, use of insulin or oral hypoglycemic agent or both, or a fasting glucose value Ն126 mg/dL. 8 Education was self-reported at visit 1 as 4 levels, with level 1 as less than high school, level 2 as high school or general educational development or associate degree or some college or technical school equivalent, level 3 as college graduate, and level 4 as graduate school or advanced degree. Total family income for the year preceding the second ultrasound examination was specified as 4 categories: Ͻ$25 000, $25 000 to $50 000, $50 000 to $100 000, and Ͼ$100 000. Risk factors were obtained at visit 2 and visit 3, respectively, for the cohort members having their second carotid examination.
Carotid Artery Measures
Participants were examined supine with the head rotated 45 degrees toward the left side. Imaging was performed in the plane parallel to the neck, with the jugular vein lying immediately above the common carotid artery (or at 45 degrees from the vertical if the internal jugular vein is not visualized). Images of the right common carotid artery were centered 10 to 15 mm below (caudad to) the right common carotid artery bulb. A matrix array probe (M12L; General Electric) was used, with the frequency set at 13 MHz and at 32 frames per second. A super-VHS videotape recording was then made for 20 seconds. Images were digitized at 30 frames per second and automated diameter measurements were made from this video segment using customized software. End-diastolic images (smallest diameter of the artery) were captured.
IMT measurements were made on the far wall of the common carotid artery over a distance of Ϸ10 mm, starting at least 5 mm to 10 mm below (caudad to) the right common carotid artery bulb ( Figure 1 ). Carotid artery plaque was excluded. Trained readers traced the key 2 interfaces of the far wall to obtain manual tracings. These tracings were then used to calculate mean IMT.
Reproducibility was assessed by blinded replicate readings of IMT performed by 2 readers. One reader reread 66 studies, for a between-reader correlation coefficient of 0.84 (nϭ66), and the other reread 48 studies, for a correlation coefficient of 0.86. IMT rate of change in millimeters per year was measured as the difference in IMT divided by the interval between ultrasound examinations and treated as a risk factor.
Outcomes
Incident strokes were determined during 3 follow-up examinations and by telephone interview conducted every 9 to 12 months to inquire about all interim hospital admissions, cardiovascular outpatient diagnoses, and deaths. Copies were obtained of all death certificates and of all medical records for hospitalizations and outpatient cardiovascular diagnoses. Two physicians from the MESA study events committee independently reviewed all medical records for end-point classification and assignment of incidence dates. Stroke was defined as a focal neurological deficit lasting Ն24 hours, or as a clinically relevant lesion on brain imaging for symptoms lasting Ͻ24 hours. Patients with focal neurological deficits secondary to brain trauma, tumor, infection, or other nonvascular cause were excluded.
We excluded 46 individuals during the interval between the 2 ultrasounds: 23 with incident stroke and 23 with examinations after the last clinic evaluation. Of 5490 individuals with IMT progression data and outcomes, we studied 5028 individuals with complete risk factor data.
Statistical Analyses
The mean (and standard deviation) values of continuous variables and the distribution of dichotomous variables as percentage in each group are shown. Nonadjusted Cox proportional hazards models were used to evaluate the associations between individual risk factors and time to stroke.
Multivariable Cox regression models were fit with time to stroke as the outcome variable and the component risk factors of the upgraded Framingham risk score as predictors. Individuals left the survival analysis at the time of their first stroke or at the time of their last follow-up and not for intervening events such as myocardial infarction. Additionally, the models were adjusted for ethnicity, IMT, education, and income. Basic assumptions of the models were tested. These analyses were performed using SAS version 9.1 and 2-sided PϽ0.05 were considered statistically significant.
Results
The mean age of our population was 64.2 years, with 52% women, 39.5% whites, 25.7% blacks, 22% Hispanics, and 12.8% Chinese. There were 42 incident strokes during a mean follow-up interval of 3.2 years in 5028 individuals.
Risk factors are shown in Table 1 . The mean IMT rate of change was 0.01Ϯ0.05 mm/y. Quartiles of IMT rate of change were Ϫ0.367 to 0.00004 mm/y, 0.00004 to 0.0115 mm/y, 0.0116 to 0.0264 mm/y, and 0.0264 to 0.472 mm/y, with corresponding stroke rates of 7/4536, 7/3464, 9/3641, and 19/4587 per year of follow-up.
Chinese participants had the lowest stroke incidence rate. In unadjusted Cox proportional hazards models, age, highdensity lipoprotein cholesterol, systolic blood pressure, antihypertensive medication use, income, carotid IMT, and IMT rate of change as quartiles showed significant associations with incident stroke. IMT rate of change, as a continuous variable, had borderline significance (Pϭ0.051).
After adjustment for all risk factors, significant positive associations with stroke were seen with age, systolic blood pressure, and IMT rate of change (Table 2) . High-density lipoprotein cholesterol was inversely associated with the risk of incident stroke. Ethnicity had a borderline significant association with incident stroke, with lower risk for Chinese participants. IMT rate of change was significantly associated with stroke as a continuous variable, with a hazard risk ratio per standard deviation of 1.23 (95% confidence limit, 1.02-1.48) as the upper quartile compared to the lowest quartile, with a hazards risk ratio of 3.12 (95% confidence limit, 1.26 -7.72), and as the upper quartile as compared to the combined 3 lower quartiles, with a hazards risk ratio of 2.18 (95% confidence limit, 1.07-4.46). The 95% confidence limits for all hazard rates ratios are shown as Supplemental Tables I and II (http://stroke.ahajournals.org). Kaplan-Meier failure curves showing results for the upper quartile versus the combination of the lower 3 quartiles of IMT rate of change are shown in Figure 2 . Clinic site, change in low-density lipoprotein cholesterol, change in high-density lipoprotein cholesterol, and change in systolic blood pressure between both visits were not associated with incident stroke (data not shown).
Discussion
We have found that IMT rate of change is associated with incident stroke in this multi-ethnic cohort. Other risk factors positively associated with incident stroke include age, systolic blood pressure, and lower high-density lipoprotein cholesterol levels whereas common carotid artery IMT, smoking, and diabetes were not.
We conservatively set time zero for the Cox proportional hazards models at the second carotid IMT examination when 
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IMT rate of change is measured and current risk factors are evaluated. Whereas this approach decreases the number of events, it reduces bias introduced by interventions instituted in response to incident events occurring during the time interval between IMT measurements. We have found that IMT is associated with incident stroke in our unadjusted analyses, but this association became nonsignificant after adjustment for risk factors. We believe that some of the differences between our observations and previous studies might be attributable to the low number of events in our population and the location where we performed IMT measurements.
First, the number of incident strokes in studies showing an association between common carotid artery IMT and incident stroke is larger than ours. The Cardiovascular Health Study (CHS) reported 284 incident strokes in a group of 4466 individuals over 4.7 years. The Atherosclerosis Risk in Communities (ARIC) study reported on 199 ischemic strokes over 7.2 years. 2 The Rotterdam Study reported on 160 strokes in 5479 individual over 5.2 years. 9 However, the Tromso study, with 397 events over 10 years of follow-up in 6584 participants, did not find common carotid artery IMT to be a consistent predictor of stroke. 10 We report on only 42 events over 3.2 years for 5028 individuals.
Second, most studies perform IMT measurements close to the carotid artery bulb. [11] [12] [13] In ARIC, common carotid artery IMT measurements included plaque formation in at least 7% of individuals. 13 By design, the MESA IMT Progression study places the site of IMT measurements lower in the common carotid artery in an area free of plaque (Figure 1) . We are likely focusing on associations between stroke and a pathological process distinct from plaque formation. 14 Stroke risk factors include prevalent cardiovascular disease, atrial fibrillation, left ventricular hypertrophy by electrocardiographic criteria, age, systolic blood pressure, diabetes, and cigarette smoking. 15 Prevalent cardiovascular disease and atrial fibrillation are absent in our cohort. Left ventricular hypertrophy was present in 56 individuals (data not shown) and only 1 individual had an incident stroke. We observe a Education and total family income as indicated in Materials and Methods. HDL indicates high-density lipoprotein; HR, hazard rate ratio; IMT, intima-media thickness; LDL, low-density lipoprotein; Q, quartile; SD, standard deviation. positive association of incident stroke with age and systolic blood pressure, as reported in the Framingham Heart Study 15 and ARIC. 2 Lack of significance for diabetes and smoking is likely attributable to a lack of statistical power secondary to the small number of stroke events. The positive association between stroke and lower high-density lipoprotein cholesterol levels is consistent with high high-density lipoprotein cholesterol levels having a protective effect for cardiovascular disease. A limitation of our study is the inherent variability of IMT measurements, because we perform IMT progression measurements at 6 separate centers without the rigid enrollment criteria used in drug intervention trials in which change in IMT serves as outcome. 16 -18 This might have increased the variability of the measurements in a global fashion but did not affect our findings because clinic site did not predict events.
Change in plaque area might be a better predictor of stroke because it has better reproducibility 19, 20 than common carotid artery IMT and given that plaque area itself is associated with stroke. 10 Published data from 1 study have shown an association between change in plaque area and stroke. 20 Because of low event rate (nϭ1) for Chinese participants (Table 1) , we adjusted our models for ethnicity but did not investigate ethnic specific hazards ratios.
In the literature review, we found 1 study that addressed IMT rate of change as a risk factor for stroke, ELSA. The ELSA study investigated the associations of antihypertensive therapy on IMT progression and cardiovascular outcomes. 5 ELSA reported a positive association between baseline IMT and stroke, but not for change in IMT. 5 
Conclusions
We conclude that common carotid artery IMT rate of change is associated with stroke in a cohort free of prevalent cardiovascular disease and atrial fibrillation at baseline. Given the inherent variability of IMT and IMT rate of change measurements, these results require confirmation in other cohort studies. 
